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Abstract tive indexn scales inversely as the optical electric field, if the
effective longitudinal bunching remains more or less constant,

Single-pass, tapered wiggler amplifiers have an attractiige on-axis field (and thus the instantaneous energy extraction

feature of being able, in theory at least, of extracting a largete) is limited to a more-or-less constant value.

portion of the electron beam energy into light. In circumstances

where an optical FEL wiggler length is significantly longer than . .

the Rayleigh lengthg corresponding to the electron beam ra2 1heoretical AnaIyS|s

dius, diffraction losses must be controlled via the phenomenon

of optical guiding. Since the strength of the guiding dependdirst adapt Colson’s normalized FEL parameters to amplifier

upon the effective refractive index exceeding one, and sinceconfigurations and the apply them to determine the limits of

(n—1) is inversely proportionalto the optical electric field, ther@ptical guiding in the saturated gain regime.

is a natural limiting mechanism to the on-axis field strength and

thus the rate aF which energy may be e.x"[racted fromthe electrom  Normalized Variables

beam. In particular, the extraction efficiency for a prebunched

beam asymptotically grows linearly with z rather than quadra@olson [2] introduced a set of normalized quantities for analy-

ically. We present analytical and numerical simulation resulgs of oscillator FEL's; with minor adaptation, they also prove

concerning this behavior and discuss its applicability to variouseful for analysis of single-pass amplifiers. The normalized,

FEL designs including oscillator/amplifier-radiator configuracomplex RMS electric field and the normalized current den-

tions. sity ; may be defined as
_ 2awfB kwl? eF (1)
. a= —————
1 Introduction 72 me?
For over a decade (see, e.g. [1]), single-pass, tapered wiggler j= 8n.L? (emawfp)?  kwl® wpag fi @)

free-electron laser (FEL) amplifiers have been suggested as a
means to obtain much higher extraction efficiencies of electron, . i< the on-axis electron plasma frequency,is the nor-
beam power into laser light than is normally possible in simp aIizeI(DJI rms vector potentia}, the beam’s initial Lorentz fac-

oscillator configurations. A key aspect of the tapered wiggl%r andfg is the Bessel fungtion difference coupling term for
amplifier is the phenomenon of “optical guiding™[3] which Pery Iinearly polarized undulator, and is a scaling length to be

mits both the optical gain length and total wiggler length to bﬁefined below

many times that of the optical Rayleigh length. The guiding is Letting = = =/, the FEL field equation in the slowly-
caused by the bunched electron beam having an effective refr\gg '

tive indexn exceeding one and thus acting as an optical fiber. fying envelope approximation may be rewritten as
Experimentally, “gain guiding” was observed in the LLNL Pal- da . . LVia

adin experiment[4] but the electron beam brightness was insuf- 57 =4 ((Csind) +i{Ceost)) +1i %, 3)
ficient to permit meaningful tapering experiments.

While doing extensive modeling in the mid-1980’s for thevhere the brackets represent averaging over the particle phases
(then) upcoming Paladin experiment, | (and undoubtedly oth:- (measured relative to that of a plane wavg)is the radiation
ers) noticed that, well into the saturated gain regime of an FEtavenumber, and = aw fs7./a$, £y where the “o” refers to
amplifier, the optical power grew approximately linearly with the quantity’s initial value. Fo#,, > 2, ¢; varies little from one
as opposed to quadratically as would be the case if one “simpler trapped particles and for simplicity | drop it in the remainder
mindedly” presumed that all the emitted optical power remained the analysis in this section (the particle simulations described
confined within the electron beam cross-section. Many yedrs§3 include it implicitly).
later, while examining [5] the theoretical efficiency of a two Recognizing thafj o p® = wlal f3/1673k; c* wherep
stage FEL involving an oscillator followed by a single-pass “ras the Pierce parameter, we judiciously chodses A, /47 p,
diator”, | realized that this linear growth rate stemmed from which is (approximately) the exponential growth length for the
fundamental aspect of optical guiding - namely, since the reframptical electric field. Note that with this particular definition of

Awvy3me? v3 c?
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L, j = 2 exactlyand different amplifiers will have different nor- 40
malized wiggler lengthsi(, /L) but identical normalized cur-

rent densities. This is in contrast to oscillators where Colson
setsL. — L,, and the normalized wiggler length is always one 30
but the normalized currents vary greatly.

2.2 Optical Guiding and Energy Extraction in 20

the Saturated Gain Regime

Power (MW)

In most proposed amplifier configurations, the input laser power 10

atz = 0 will be much smaller than the “saturation” power and

the power will grow exponentially unti® — P;.; & pPream, 0
where, using relation (1)¢| = 2. To increase the laser power
significantly beyond this level, the wiggler must be tapered

to reduce the resonant energy with z. Tapering will work

well, however, only if the diffractive losses are not extremésigure 1: Total laser power versusfor FRED simulations of
Following the analysis presented in Scharlemann, Sessler, gng) ¢ um FEL. Run “A” includes the full physics of diffraction
Wurtele[3], we expect strong, refractive guiding in both the eXng petatron motion; Run “B” has individual betatron motion
ponential and saturated gain regions if the “fiber parameter” suppressed; Run “C” has both betatron motion and diffraction

V2= (n? - 1) k22 4) suppressed.

o

z(m)

is of order 1 or greater where is, approximately, thé/e point ,qering the asymptotic value 6f| from eq. (7) and the defi-
in a Gaussian profile electron beam or the HWHM in a paraboki](i:tion of L

profile. From relation (3), the real part ofis given by

Ay Az zr .
2)- vt i o

_J
Re(n)— 1= Felld] (cos ) (5)

Since the maximum practical value ¢fin ¢) (cos ¢) is &
0.25, the energy extraction per gain lendths aboup(zr /L)
or less.

and, for the usual case 6f — 1) small, one finds

| kgr?
V2:4|2—| 5T (cos ) (6)

where; = 6; + ¢, measures the particle longitudinal phas§ SIMULATION RESULTS

relative to that of the ponderomotive well. With= 2 and

zr = kyr?/2 and reasonable values &f cos ¢y >> 0.5 and

zr/L > 1, optical guiding is strong at the beginning of th

saturated gain regime permittiftg to grow linearly withz.
Eventually though, whefu| approaches

The FRED [6] simulation code was used to investigate the
é)henomena described above. | chose beam parameters of
I = 1KA, 7o = 200, a uniformly filled 4-ellipsoid trans-
verse phase space with= 1400x mm-mrad (equivalent en-
ergy spread\y /v, = 2.7 x 1073), As = 10.6 um, and a 30-m,
a* =45 {cos ¥) “R @) Iinearly-polarized Wiggler with\,, = 80 mm, ay, = 3.1, alnd

L curved poletip focusing. The corresponding= 7.2 x 1073,

V2 becomes sufficiently small that optical guiding “fails”, and- = 0-89m, a_ndozg :5 r1n2$ T \:V'tz argjlrc]jpgtrlotMn\;vtiLiS(\?vrith
significant radiation begins to leak transversely beyoad .. ?Dowel %68' g\|/v_B ‘ ')r,min € Qe 553 ?h evsi el ro ?A‘;" :ta ered
At this point, |a| stays nearly constant with and, since the ¢4 ™~ * - Bedl gae.om, thewgglen,, was tap

rticle deceleration is directly gportional to i , the using a constant, strategy. . .
partic : =Y op fal {sin ) Figures 1 and 2 show results from three illustrative runs. Run
total power grows linearly with. A with — 0.5 included “full” ohvsi diffraction and
With || constant and presuming constant valuegsof ) with ¢, = 0.5 included *full” physics €.g. action a

o . i asy o esimatean upper bound o e enerFEL0T Tor) A e A D EO 1o 2o e
extraction in the saturated gain regime. Denotikg as the i ase} p% fh how behavior simil rto,thatpredictgc,j above:
mean reduction in the beam energy, lons ofz. Both show benhavior simila P ’

namely the on-axis intensity approaches an asymptotic value
d (A'y) _ 1 Ja[Aw (sin ©) ® and the total power grows linearly with Approximately20%

dz T Ar I of the total electron beam power is converted to radiation by

Yo
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25 [T T confine the radiation mode as is usually true for microwave FEL
© amplifiers, optical guiding physics is no longer critical and the
_. 20 I -4 energy extraction rate should be less sensitive to bunching frac-
2 : /,/' ] tion. Although a cursory glance at eq. (9) would suggest (for a
5 a e 1 constant) that the extraction rate would improve if the beam
g 1° i e ] radius and hence increased, sincg® o« n. o< I/rZ, to lowest
’g r v 1 order thisis not so and in general decreagihgth increases the
% 10 s 5 7 gain length in the exponential gain regime and makes the effec-
- r e ® 1 tive energy spread due to emittance even worse. Consequently,
5[ ' as many experimentalists know from painful experience, it is
r always best to optimize beam quality, even if it means trading
ok off a bit of peak beam current.
0
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4 Discussion

The dependence of the energy extraction rate [eq. (9)]in the sat-
urated gain regime upon the prodyets ) (sin ¢} and hence

the bunching fractioh squared emphasizes, as has long been re-
alized, thatitis crucial in the operation of an optical wavelength,
single-pass, tapered wiggler FEL to both trap a large fraction of
the beam in the ponderomotive well anelcelerate those parti-
cles with minimal detrapping. When a waveguide is present to
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